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NASA TTF-13,603 

CONDITIONS OF FORMATION OF A WATER FILM ON THE 
HIGHWAY AND ITS EXPULSION OWING TO ACTION OF A TIRE 

J. Lefranc 

ABSTRACT: Many works show t h a t  t he  t r a c t i o n  of a t i r e  decreases 
quickly when t h e  thickness of t h e  water f i l m  encountered by the  
t i r e  t r ead  during its movement increases ,  There is ,  on t h i s  
account, some advantage i n  knowing wel l  the  orders  of magnitude 
of t h e  water thicknesses which are formed during a r a i n  on 
such and such a highway o r  such and such an a i r p o r t  runway, 

ments t o  be ca r r i ed  out  with an accuracy b e t t e r  than 1/10 of 
a mill imeter.  I n  t h i s  way, w a t e r  f i lms  of 1 - 2 mm (with t h e  
equivalent of a r a i n  of 40 rmn/hr)  could be observed during 
t h e i r  drainage down t o  0.1 - 0.5 mm. These developments i n  
time allowed a c l e a r  d iy fe ren t i a t ion  t o  be made between the  
dra in ing  capac i t i e s  of two a i r p o r t  runways, one t ransverse ly  
grooved and the  o ther  conventional. 

I n  r e a l i t y ,  we have found t h a t  t h e  var ious hydrodynamic 
modes can be depicted by one o r  s eve ra l  r e l a t i o n s  of t he  
H = a e t - b  type which appear t o  be s p e c i f i c  elements of t he  
gradual development of f i lm thickness as a t h i n  flow. 

Analysis with logarithmic coordinates  allow p rec i se  
judgments t o  be made as t o  the  dra in ing  q u a l i t i e s  of d i f f e r e n t  
sur face  t ex tu res  and, f o r  example, t o  examine more c lose ly  
those se l ec t ed  t o  avoid aquaplaning on a i r p o r t  runways. 

The development of a neutron probe allowed these measure- 

Introduct ion 

The goal of record program 04-05-9 prepared a t  the Surface Characteris-  

t i c s  Branch of t h e  Highway Department envisages more p a r t i c u l a r l y  the  study 

of t he  formation and drainage of w a t e r  f i l m s  on road surfaces .  Within t h i s  

scope w e  have found it appropriate  t o  design one series of experiments i n  

the  laboratory and another very d i f f e r e n t  s e r i e s  on the  highway. The former 

s e r i e s  allows a systematic  s tudy of streaming s i n c e  the  parameters se lec ted  

can be spec i f ied  t o  the  desired values whereas t h e  l a t t e r  s e r i e s  provides 

t h e  capab i l i t y  f o r  confirming i n  an operat ional  environment such and such 

a circumstance of flow 

I n  order  t o  e s t a b l i s h  a procedure f o r  ca r ry ing 'ou t  t hese  inves t iga t ions  

on highways, we concentrated our e f f o r t s  towards t h e  determination of 

- ~ ~~ -~ ~ 

* Numbers i n  t h e  margin  i nd ica t e  pagination i n  t h e  fore ign  t e x t ,  
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thicknesses of water f i lm  by dece lera t ion  of neutrons. I n  co l labora t ion  

with the  Branch f o r  Application of Isotopes,  an apparatus w a s  therefore  

designed according t o  t h i s  p r inc ip l e ,  then ca l ib ra t ed  i n  the  laboratory 

f o r  d i f f e r e n t  he ights  of water and types of surface.  There s t i l l  remained, 

however, the  requirement f o r  studying the  f l e x i b i l i t y  of use and e f f e c t i v e  

accuracy of t h i s  equipment i n  an operat ional  e n v i r o b e n t  . 
The appl ica t ion  t o  a i r p o r t  runways turned out  t o  be very advantageous 

s ince  the  grea t  lengths  of flow which can be present  across runways lead 

t o  the  formation of considerable water f i lm,  An almost t o t a l  l o s s  of 

t r a c t i o n  can occur during a high speed landing. This danger la rge ly  j u s t -  

i f i e s  t he  i n t e r e s t  i n  gaining a p rec i se  knowledge of water thicknesses,  
1 

The contac ts  made with t h i s  ob jec t ive  i n  mind with M r ,  Lorin, Division- 

a l  Engineer of the  T.P.E. (Travaux Publics de l ' R t a t ,  National Administra- 

t i o n  f o r  Publ ic  Works) and Laboratory Manager a t  t h e  Pa r i s  Airport  have 

caused appearance, a t  t h e  same time as the  opportuni ty  f o r  such determin- 

a t ions  of thicknesses of water f i l m ,  of the  requirement f o r  pursuing t h e  

matter s t i l l  fur ther .  Indeed, M r .  Lorin d i r ec t ed  t h e  carrying out  of 

comparisons between t ransverse ly  grooved and non-grooved rcnways based 

on t h e  f r i c t i o n  c o e f f i c i e n t  c r i t e r i o n  measured by means of t he  s t rado-  

graph of t h e  CEBTP. The increase  of t h i s  c o e f f i c i e n t  as a funct ion of 

time elapsed a f t e r  end of the  r a i n  is r e l a t i v e l y  grea te r  i n  the  case  of 

grooved concrete  as can be ascer ta ined by comparison of t h e  curves of 

Figure 1. This d i f fe rence  i n  behavior has been a t t r i b u t e d  t o  a swi f t e r  

drainage favored by grooving. Furthermore, t he  merely v i s u a l  examination 

of t he  two sur faces  a t  var ious i n s t a n t s  of drainage appears t o  confirm 

t h i s  viewpoint (photos 1 and 2). 

/ 6  - 

2 

1. A recent  r epor t  (NASA 1968) notes the  f a c t  t h a t ,  out  of t he  t o t a l  of 

a i r c r a f t  acc idents ,  t h e r e  is a peTcentage of 35% a t t r i b u t e d  t o  accidents  

owing t o  losses  of t r a c t i o n  (of  which 14,696 i n  aquaplaning condi t ion,  10,8% 

with viscous s l ippage,  9.7% i n  presence of snow or ice) .  

2. These documents w e r e  k indly passed on t o  us  by M r ,  Lorin, Photos 1 and 

2 correspond t o  one of t he  first grooving t e s t s  (d i s tance  between axes: 

30 c m )  s i nce  abandoned i n  behalf of grooves 10 c m  apar t .  

2 



The quest ion therefore  became one not  only of measuring thicknesses /6 
of w a t e r  i n  permanent flow o r  i n  a s ta te  of i n t e rcep t ion  ( r e s idua l  w a t e r )  

but even of computing t h e  drainage r a t e .  

Several  series of experiments were therefore  organized i n  co l labora t ion  

with M r ,  Lorin and M r .  Chanut who supplied us with water and took care of 

s a fe ty  quest ions with regard t o  the  Airport  con t ro l  tower. 

These var ious tests form t h e  subjec t  of t h e  present  repor t .  

W e  s h a l l  first of a l l  spec i fy  t h e  terminology t r a d i t i o n a l l y  character-  

i s t i c  of t h e  var ious phases of flow, then w e  sha l l  summarize some laboratory 

f ind ings  which w i l l  be used subsequently. F ina l ly ,  w e  s h a l l  provide a 

cursory desc r ip t ion  of t h e  neutron measurement devices as wel l  as a report 

of the experiments. The conclusions which a r e  t o  be drawn from the  above 

w i l l  Logically follow. 

3 
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Track no, 47 

Channels 10 cm apart 



PHOTO 1 

COMPARISON OF DRAINAGE ON GROOVED AND NON-GROOVED CONCRETE 

On the l e f t ,  on the grooved concrete, the roughness is  already obvious 
whereas the non-grooved concrete still remains immersed by a thin w a t e r  f i l m ,  
On the r ight  of the photo, the existence of t h i s  water f i l m  explains the 
abrupt stoppage of the t ire tracks left  by the Stradograph on the grooved 
concrete . 

6 



PHOTO 2 

QUICKER DRYING OF A GROOVED CONCRETE 
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/lo 3 - I - FLOW ON A ROUGH SURFACE 

The weight v a r i a t i o n s  of a platform supporting an a r t i f i c i a l  sur face  

of t h e  road sur face  type allow, when t h e  la t ter  is sprayed, p l o t t i n g  of a 

typical concentrat ion - recess ion  curve (Figure 2). 
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D i a g r a m  of a hydrogram and r e l a t e d  terminology 

Figure 2 

30 LEFRANC (1969) 
C f ,  References on p. 56 f o r  names and dates .  
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While t h e  r a i n  is f a l l i n g  and when t h e  permanent opera t ing  mode is 

s e t  up, t h e  quan t i ty  of water present  on t h e  su r face  is c a l l e d  ttholding 

a t  equilibrium.tt As soon as the r a i n  s tops ,  t h e  w a t e r  f i lm  becomes th inner  

s ince  t h e  run-off at  t h e  edge continues t o  occur. This is t h e  recess ion  

mode, or reduct ion  of t h e  t'holdingtl which more o r  less quickly w i l l  r e s u l t  

i n  a new equilibrium charac te r ized  by t h e  volume of water trapped by the  

surf ace depressions,  c a l l e d  r e s i d u a l  w a t e r  e 

/11 - 

Various writers have provided d i f f e r e n t  expressions f o r  desc r ip t ion  

of t h e  recession. For example, Izzard (I9461 indica ted  t h e  shee t  of w a t e r  

by : 

0.33 h - k l  

h P f i lm  thickness ( f o o t )  

1 = length of flow 

k = 4/3 ( i / 4 3 , z 0 0 ) ~ ' ~  (0.0007 i n  (1) 
0 -33 

S 

s = s lope ,  c: c o e f f i c i e n t  of rough- 

i = r a i n  i n t e n s i t y  (mm/hr) 

ness (cement c = 0.012) 

and described r eces s ion  by t h e  function: 

t time requi red  i n  recess ion  r 

9 = r a t i o  of flows 
a t  i n s t a n t  t and a t  equilibrium qe r 

F ( r )  = 0.5 (r  -2i3 -1) 

Do # holding at equilibrium 

On t h e  o the r  hand, H i c k s  (1946) p r e f e r s  a func t ion  of t h e  type: 

g = flow at  edge 
-at q = K e  t = t i m e  

a , K  = numerical c o e f f i c i e n t s  

Note t h a t  r e s i d u a l  w a t e r  does not  en te r  i n t o  these  desc r ip t ions  of 

drainage e 

9 



During t h e  experiments ca r r i ed  out  a t  the  Central  Laboratory of C i v i l  

Engineering, the  recess ion  mode w a s  observed and, i n  con t r a s t  t o  t he  pre- 

ceding r e s u l t s ,  w e  found a l i n e a r  log-log r e l a t i o n s h i p  between t h e  v a r i a t i o n  

of weight p of t h e  f i l m ,  i.e. t he  flow and the  t i m e ,  or:  

log 
=I a - bo log t A t  o a b = numerical c o e f f i c i e n t s  

0 0  

Since t h e  flow at  t h e  edge is equal t o  the  v a r i a t i o n  of t h e  water f i l m :  

s=f2E 
A t  

and t h e  la t ter  is propor t iona l  t o  the  mean height E of the  w a t e r  on streamed 

area S: 

it follows success ive ly  

A ,B: numerical c o e f f i c i e n t s  

One example of recess ions  recorded with p l a t e G  14, made from Give t ' s  & 
limestone granulated mater ia l  and having a depth t o  sand of HS = 2 mm f o r  

t h e  1 and 15% s lopes ,  after a r a i n  of 365 mm/hr, is provided by f i g u r e  3 
(computational d e t a i l s  are given i n  annex I). A good agreement w i t h  l i n -  

e a r i t y  can be observed. It  is t he re fo re  t h i s  r u l e  (5) which w e  s h a l l  use 

as guide i n  t h e  s tudy  of t h e  drainage of t h e  w a t e r  f i l m  on the  cement runway, 

10 
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2 - APPARATUS FOR MEASUREMENT OF THICKNESSES OF WATER FILM BY DECELERATION /l5 - 
4 OF HIGH-SPEED NEUTRONS 

I n  order  t o  confirm and supplement laboratory experimentation w e  have 

sought a quick and accura te  means f o r  cha rac t e r i z ing  water f i lms  and t h e i r  

development on su r faces  of t h e  road type. 

The measurement of flows a t  t h e  edge is  extremely awkward s i n c e  i t  

requ i r e s  p lac ing  t h e  measurement system on a l e v e l  lower than t h e  edge, 

adds on add i t iona l  delays as w e l l  as an a r t i f i c i a l  s to rage  i n  the  p ip ing  

leading from the  measurement device which is  i tself  customarily not  over ly  

precise.  

The measurement of w a t e r  thicknesses the re fo re  remains. The methods 

c a l l i n g  upon depth gauges are extremely fast  but have se r ious  disadvantages. 

Indeed, t hese  gauges, a l ready  i n  use a t  t h e  Road Research Laboratory and 

a t  t h e  Cent ra l  Laboratory of C i v i l  Engineering, d i s regard  owing t o  t h e i r  

design t h e  q u a n t i t i e s  of w a t e r  located below t h e  head of t h e  granulated 

material. Now, i n  t h e  case of t h e  customary r a i n y  conditions prevalent a t  

our l a t i t u d e s ,  t he  p r e c i p i t a t i o n s  are r a r e l y  v i o l e n t  but long i n  dura t ion  

and i t  has o f t e n  been observed t h a t  flow takes p lace  i n  most cases following 

a pa th  between the  granulated material with t h e  sharp edges only disappear- 

ing  under t h e  water f i l m  a t  time of heavy r a i n s  which a r e  rare and of s h o r t  . 

dura t ion  o r  when t h e  su r faces  have a shallow t e x t u r e  which la t ter  condition 

is generally avoided. 

The peak water level gauge (limnometer) provides very p rec i se  but 

d e t a i l e d  va lues  and i n  order  t o  have a system p r o f i l e  of t h e  flow, i.e, 

a mean thickness over a domain included seve ra l  granul’ated ma te r i a l s ,  it 

is necessary t o  take a great many measurements and process them statis- 

t i c a l l y .  

W e  took i n t o  cons idera t ion  i n  t h i s  case a method c a l l i n g  upon nuclear /16 - 
r a d i a t i o n  and, i n  c l o s e  co l l abora t ion  with t h e  Isotopes Application Branch, 

w e  decided upon a course of research, t h e  dece le ra t ion  of high-speed 

neutrons and s p e c i f i c a t i o n  of c a l i b r a t i o n s  which appeared necessary t o  us. 

4. 
t i o n e  

An i nves t iga t ion  is being c a r r i e d  on p r i o r  t o  f i l i n g  a Patent Applica- 

12 



The prototype apparatus,  completely designed and t e s t e d  by , the  - 1’16 
Isotopes Application Branch is shown on photos 3 and 4. 
c o n s i s t s  i n  t h e  i n s t a l l a t i o n  (Figure 4 )  of two 50 m c i  sources of A m e r i -  

cium - Beryllium, generators of high-speed neutrons and four boron 

t r i f l u o r i d e  slow neutron counters,  i n  a p a r a f f i n  block of a size such 

t h a t  t h e  emitted neutrons w i l l  be made very s l i g h t l y  epithermal. They 

w i l l  i n  t h i s  way have t h e  greatest of oppor tuni t ies  t o  be s u f f i c i e n t l y  

slowed down by t h e  t h i n  w a t e r  f i l m  and then be counted i n  t h e  s ta te  of 

The p r i n c i p l e  

thermal neutrons. 5 

.The presence of w a t e r  ( o r  hydrogenated substance such as a spha l t  6 ) 

consequently inc reases  t h e  computation. The d i f f e rences  between a 

dry computation and o t h e r s  c a r r i e d  out  i n  t h e  presence of w a t e r  f i l m s  

provide d a t a  varying as t h e  mean quan t i ty  of water located under the  

apparatus. 

I t  is poss ib l e  t o  consider t h a t  t h e  var ious  c a l i b r a t i o n s  se t  up 

with many materials of varying na tures  and roughnesses provide a s i n g l e  

s t r a i g h t  l i n e  f o r  which it is t rue  t h a t :  The 450 cpm/O.l mm ( f i g .  5 ) .  
accuracy corresponding t o  t h i s  only choice can be ca l cu la t ed  t o  -I 0.1 mm 

i n  t h e  domain considered (0 - 4 mm). This accuracy could be improved by 

increas ing  t h e  s e n s i t i v i t y  of t h e  apparatus, although it could never the less  

be seen t h a t  t h e  p re sen t  accuracy a l r eady  reaches 1/100 of a gram per  c m  

or one drop of ,wa te r  pe r  5 c m 2  which appears amply sa t i s f ac to ry .  

/20 
2 

0 

e 
0 

5. Baron (1969) and B u l l e t i n  de  Liaison. 

6. 
c o e f f i c i e n t s  (cf, bibliography: B u l l e t i n  de Liaison) 

Indeed, t h e  hydrogen atoms have one of t h e  s t ronges t  dece lera t ion  

t 

0 13 



View 

PHOTO 3 
from the bottom 

e 

APPARATUS FOR MEASUREMENT OF THICKNESSES OF WATER FILM BY DECELERATION OF 

HIGH-SPEED NEUTRONS7 

%- 

PHOTO 4 

View 
~~ 

from above 

7. B u l l e t i n  de L i a i s o n  ( c f  b i b l i o g r a p h y )  

a4 
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50mci Am-Be Sources 

Diameter 25, e f f e c t i v e  length: 120 
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I n  addi t ion  t o  t h e  good p rec i s ion  and accuracy of t h e  apparatus,  t h e  /20 
grea t  advantage can be found i n  t h e  producing, i n  t h e  case of t h e  w a t e r  

th ickness ,  a mean va lue  over an a rea  (40 X 40 c m )  which can be considered 

as exact on the  scale of t he  highway but l a rge  with r e spec t  t o  t h e  sizes 

of t h e  granulated material. 

In  addi t ion ,  it is c l e a r l y  poss ib l e  t o  measure the  m e a n  thickness of 

t h e  w a t e r  located below t h e  c r e s t  of t he  sharp po in t s  of t h e  material and 

t h i s  is indeed t h e  only p r a c t i c a l  way of car ry ing  out  t h i s  determination. 

The apparatus is supplied with high vol tage  and c a r e f u l l y  made leak- 

proof. 

model 530, then p r i n t e d  ou t  (Baird Atomic p r i n t e r )  and simultaneously 

compiled by an i n t e g r a t o r  (ILP 10 SRAT) and recorded (ESTERLINE ANGUS). 

By using an ampl i f ie r  t h e  counts are posted on a Baird Atomic scale, 

18 



3 - STREAMING ON AIRPORT RUNWAY 

Guided and fami l ia r ized  w i t h  surface flows by experimentation i n  

the  laboratory,  provided with an apparatus f o r  measurement of w a t e r  thick- 

nesses by t h e  Isotopes Applications Branch, w e  w e r e  ab le  t o  s e t  up w i t h  

w i t h  Messrs Lorin and Chanut a series of experiments on t r a f f i c  runway 

no. 47. T h i s  first tes t  allowed us t o  learn  the characteristics of the 

s i t e  and tes t  the  equipments. Later experiments w e r e  progressively mod- 

i f i e d  as a funct ion of successive c r i t i c a l  reviews. The whole s e r i e s  of 

measurements were s t re tched  out  between 11 February and 8 Apri l  1969 f o r  

it was necessary t o  s a t i s f y  severa l  requirements on a simultaneous basis .  

The l a t t e r  involved non-ut i l izat ion of t he  runway, low wind ve loc i ty  and 

absence of r a in .  

3.1 The s i t e  

The l o t s  se lec ted  w e r e  located s i d e  by s i d e  ( f i g .  6a) on t ra f f ic  run- 

- 

way no. 47, one being grooved and both having a longi tudinal  f i n i s h  with 
j u t e  c loth.  a 

The common t ransverse  s lope  is 1% and the  flow length is  18 meters. 

On t h e  l o t s  t e s t e d ,  t he  depth t o  sand v a r i e s  from 0.17 t o  0.26 or 

0.21 on the  average t o  the  exclusion of the  grooves themselves. The grooves 

which are 10 cm apa r t  are sometimes w e l l  cu t  out  (photo 5a) and sometimes 

have de ter iora ted  edges (photo 5b) .  

by t h e  diamond saw.  The longi tudinal  gaskets made from rubbery material 

form two l i g h t  impediments t o  flow both f o r  t h e  grooved l o t  as w e l l  as f o r  / 2 4  

t h e  other ,  L e t  us  summarize t h e  geometrical c h a r a c t e r i s t i c s  of t h e  s i t e  

( f i g .  6a): 

The base is always p e r f e c t l y  polished 

- 

length 18 m 

Common t o  both l o t s  s lope  1% 

depth t o  sand 0,21 on t h e  average 

8 ,  D a l l e s ,  135, 136, 137 
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GROOVE PROFILES 
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Measuring points 

are indicated by 

a c irc led  number 

measur emeni 
truck 



Grooved l o t  grooving depth 5 P  
width 8 t o  12 mm 

d i s t ance  100 mm 

3 . 2  F i r s t  t es t  

The very day of t h i s  f i r s t  experiment t h e r e  w e r e  prevalent on the  s i t e  

conditions which turned ou t  t o  be r a t h e r  unfavorable: 

no t  inconsiderable c ros s  wind ( 6  t o  8 knots or 0.3 t o  0.4 m/s). I n  addi- 

t i o n ,  t he  spraying w a s  done with a nozzle (photos 6 and 7) and it w a s  not 

poss ib le  t o  set up a permanent streaming condition. It  w a s  nevertheless 

poss ib le  t o  p l o t  r eces s ion  curves at two po in t s  on t h e  edge and two po in t s  

at mid-slope as depicted r e spec t ive ly  by f i g u r e s  8-9 and 10-11 as taken from 

the  p r i n t e r  data. 

low tempe,rature ( 3 " ) ,  

Curves (9 )  (10) correspond to t h e  grooved surface, curves ( 8 )  (9 )  t o  

measurements ca r r i ed  ou t  a t  mid-slope. 

The peaks produced r e f l e c t  t h e  absence of a permanent mode and t h e i r  

d i f f e r e n t  heights come from t h e  water thickness which varies with t h e  pres- 

sure of t h e  w a t e r  i n  t h e  tank, c ros s  wind and d e f l e c t s  in-uniformity.  

Under these  condi t ions ,  any exp lo i t a t ion  became absurd. 

22 
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3 e 3  Second t e s t  

In  order t o  obta in  thicknesses of water which a r e  s t a b l e  and mutually 

comparable f o r  permanent streaming condi t ions ,  each l o t  t e s t e d  w a s  l a t e r a l l y  

demarcated by a weighted tubing and spraying w a s  produced by a ramp (diamet- 

e r  30 mm) pierced wi th  holes (3mm) which are 10 c m  apar t ,  The ramp w a s e  

i t se l f  supplied by a very simple overflow basin system de l ive r ing  a con- 

s t a n t  flow a t  a ra te  of 38 - 40 l/min. 

3 m (width of l o t ) .  

The width sprayed w a s  approximately 

The device used is shown i n  photos as wel l  as i n  Figure 6a. 

The measurement po in t s  w e r e  a l l  s e l ec t ed  a t  t h e  edge a t  t he  same time 

avoiding de fec t s  i n  uniformity. The number of experiments ca r r i ed  out  w a s  

l imited t o  three by a v i o l e n t  wind which came up a t  the  end of t h e  morning. 

The computational curves are shown on f i g u r e s  (12,  13, 14).  There can 

be seen t h e  long s t a b i l i z a t i o n  produced i n  t h e  permanent mode f o r  t he  m e a -  

surement ca r r i ed  o u t  on po in t  l. Subsequently, a s h o r t e r  streaming t o  

equilibrium w a s  believed enough. The continuous curves are p l o t t e d  by 

means of po in t s  represent ing  t h e  means of computations wi th  100 s .  The 

drainage rates are mutually comparable except f o r  t h e  appearance of an un- 

explained t8humptt on the  curve r e l a t i n g  t o  t h e  non-grooved l o t  ( f i g .  14). 

The s a t i s f a c t o r y  experimental conditions produced during these  tests 

enable a q u a n t i t a t i v e  s tudy  of holding a t  t h e  edge, r e s i d u a l  w a t e r  and 

drainage e 

3.3 e 1 Holding at. equilibrium 

The means ca l cu la t ed  i n  s t a b i l i z e d  mode give respec t ive ly :  

Point 1 ( G I 9  1808 cps/lOtl o r  10,848. cps/min = 2.3 mm 
~ 

Point 2 ( G I  1550 o r  9,300 = 2.1 mm 

Pain t  5 (NG) 1594 f t  or 9,564 11 = 2.1 mm 

_I_ /33 

9. Henceforth, G w i l l  designate tests r e l a t i n g  to the grooved lot and NG 

those corresponding t o  t h e  non-grooved l o t .  
I) 



The succession of t h e  measurement is described i n  d e t a i l  i n  annex I1 

(poin ts  1, 2 and 5) .  

Taking in to  account s l i g h t  flaws i n  uniformity and the prec is ion  of 

the  apparatus f o r  measurement of water thickness ,  these  values  without being 

equal can be regarded as equivalent,  i.e. t h a t  it can be assumed t h a t  they 

w i l l  not  be a f a c t o r  of d i f f e r e n t i a t i o n  from the  viewpoint of t h e  hydro- 

dynamic condition. 
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PHOTOS 10 and 11 
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The ques t ion  comes up i n  t h e  comparison of these  thicknesses of water 

f i l m  obtained a t  t he  edge through t h e  intermediary of a ramp located over- 
,I33 - 

head with values which could l o g i c a l l y  be expected i n  the  presence of an 

addi t ion  of water d i s t r i b u t e d  over t h e  whole flow su r face ,  such as an ac tua l  

o r  a r t i f i c i a l  r a in .  

By d is regard ing  t h e  lo s ses  ou t  of t h e  l o t ,  t h e  flow q a t  t h e  edge can e 
be taken as equal t o  t h e  flow of  t h e  ramp o r  approximately 40 l/min. 

flow would be obtained by an i n t e n s i t y  i of t h e  r a i n  d i s t r i b u t e d  on surface 

S of t he  l o t ,  i.e. it is t r u e  tha t :  

This 

a i -  S ‘e 

i n  the  case of S = 54 m2, whence 

i = 44 mm/hr 

corresponding t o  a very v i o l e n t  r a in .  

t o  Izzard,  it follows tha t :  

kedge 

By applying formula (11, a t t r i b u t e d  /34 - 

= 3.42 mm ( i n  which k = 0.0028 and 1 = 54 fee t )  1/3 = k l  

I n  t h i s  way, f o r  t h e  same flow a t  t h e  edge, t h e  th i ch -es s  of a w a t e r  

f i l m  c rea ted  by a r a i n  would be approximately 3.4 mm whereas f o r  a supply 

by ramp t o  t h e  upper p a r t  of t he  s lope ,  only 2 t o  2.3mm are obtained. 

Izzard assumes t h a t  . the  mean thickness (i .e.  a constant f i c t i t i o u s  thick- 

ness along t h e  flow) is equal t o  3/4 of the  thickness at t h e  edge o r  2.5 mm 

which is on t h e  same order of magnitude. In  t h i s  way, then, with a supply 

by ramp, the re  is produced a f i l m  whose thickness is percept ib ly  cons tan t  

t h e  whole length of t he  s lope  with poss ib ly  a s l i g h t  th inning  towards t h e  

edge. The permanent hydrodynamic condition is the re fo re  probably q u i t e  

d i f f e r e n t  from t h e  one produced wi th  a r a i n e  

3.3,2 Residual w a t e r  

The m e a n s  (annex 11) ca lcu la t ed  i n  the  terminal p a r t  of t h e  drainage 

curves provide respec t ive ly :  



Point 1 (G) 177 cps/lO1t (1062 cpsLmin) or 0.22 mm 

Point 2 (GI 202 (1212 ) o r  0.27 mm 

Point 5 (NG) 90 'I ( 540 11 or 0,12 mm 

It should be noted t h a t  a t  t h i s  leve l  t he  prec is ion  of measurement is 

obviously q u i t e  low because of shortening of s t a b i l i z a t i o n s  with the  res idua l  

water: it is i n  the  v i c i n i t y  of 0 .13mm (annex 111). 

The r e s idua l  waters therefore  cannot be considered as s i g n i f i c a n t l y  

d i f f e r e n t  e 

3.3 "3 Drainage 

The production, f o r  holding a t  equilibrium, of l eve l s  which are per- 

cep t ib ly  equivalent owing t o  the  l a t e r a l  channeling and constant supply 

allows undertaking the  comparative s tudy of drainage under q u i t e  good con- 

d i t i o n s  of reproducib i l i ty .  

We have seen t h a t  there  is most l i k e l y  a r e l a t i o n  of type ( 4 )  between 

flow q ,  t h e  mean height of t h e  w a t e r  f i l m  k and t i m e  t: 

dg -b 
d t  

q = S - = A t  

whence by in t eg ra t ion  

(5 1 .. -b a h = at  + c- 

Now, w e  have numerical values proportional t o  the  thickness of w a t e r  ( i n  

counts/lO s )  which give t h e  gradual development of t he  water f i l m  according 

t o  t h e  var ious i n s t a n t s  of t he  drainage a t  a very wel l  located poin t ,  t h e  

edge. It  is then poss ib le  t o  m a k e  t h e  following hypothesis and test  it, t o  

the  e f f e c t  t h a t  funct ion (5) is likewise va l id  f o r  t h e  loca l  thickness k 

and not  only t f o r  the  mean thickness ,  or:  

( 6 )  -b 
k = a t  + const. a ,  b numerical coe f f i c i en t s  

(b p o s i t i v e )  

( 4 )  

Let us note t h a t  it is poss ib le  t o  grasp t h e  s ign i f icance  of t he  

in t eg ra t ion  constant.  Indeed, when t h e  t i m e  increases  indef ina te ly ,  it is 

known t h a t  t he  thickness  of t h e  f i l m  decreases and tends,  by t h e  very def- 

i n i t i o n  of r e s idua l  w a t e r  i t s e l f ,  towards t h e  latter.. Therefore, it follows 
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t ha t :  

Ultimately, f o r  t h e  assumed funct ions of drainage, w e  have the  

expression: 

(7 1 -b k = a t  + I  k = thickness  of w a t e r  f i lm 

e I = r e s idua l  w a t e r  

t = t i m e  

a, b = c o e f f i c i e n t s  ( b  is p o s i t i v e )  

In  order  t o  t es t  the  v a l i d i t y  of t h i s  hypothesis,  t he  values of k . 1  

(with counting u n i t  number of counts pe r  10 seconds) and the  t i m e  i n  . 
seconds w i l l  be p l o t t e d  as log-log coordinates.  It should be poss ib le  

t o  produce s t r a i g h t  l i n e s  analogous t o  those of f i g u r e  ( 3 ) .  The de ta i l ed  

ca l cu la t ions  are provided i n  annex I1 and the  curves a r e  p lo t t ed  on f i g u r e  

e 

Obviously, s t r a i g h t  l i n e s  a r e  not  produced. On the o ther  hand, severa l  

comments can be made. 

1. Short of 350 s ,  approximately, t he  r e l a t i v e  curves with grooved 

concrete  (G) are q u i t e  alike i n  t h a t  they show a d i s t i n c t  curve which 

abrupt ly  becomes very pronounced i n  t h e  region of t h e  point:  

350 s 

600 - 800 cps/lOs o r  0.9 mm 

As far  as t h e  r e l a t i v e  va r i a t ion  with t h e  non-grooved (NG) concrete  

is concerned, it can be depicted by a s t r a i g h t  l i n e ,  

2 .  Beyond 350 s ( reg ion  11) t h e  th ree  curves are squeezed i n t o  a 

very narrow spher ica l  l i n e  and although t h e  po in t s  of each curve a r e  q u i t e  

s ca t t e r ed ,  it is poss ib le ,  as a f i r s t  approximation and t a k i n g  i n t o  account 

t he  narrowness of t h e  general c luster  as w e l l  as t h e  lack of prec is ion  

c h a r a c t e r i s t i c  of t h i s  low level of w a t e r  th ickness ,  t o  assimilate each 

curve t o  a s t r a i g h t  l ine.  

3 0  Two regions I and I1 have therefore  been discriminated i n  which t h e  
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recess ion  of t h e  f i l m  thickness is each t i m e  log-log l i n e a r  i n  t h e  case of 

t h e  non-grooved concrete and l i n e a r  only i n  reg ion  I1 i n  t he  case of t he  

grooved concrete. 

4 .  I t  is then extremely tempting t o  consider t h a t  t he  v a r i a t i o n  of k - I .  

is accomplished w i t h  an abrupt t r a n s i t i o n  of hydrodynamic condition corre- 

sponding t o  an i n s t a n t  i n  which the  w a t e r  thickness k - I = O.9mm. 

5 .  The s m a l l  number of experiments c a r r i e d  o u t  (one f o r  non-grooved 

concrete and two f o r  t he  grooved) considerably weakens these  conclusions 

and contaminates these  curves wi th  great inaccuracy, 
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A t  t h e  same time, i n  order t o  confirm o r  amend the  general d i r e c t i o n  - / 4 3  
of these  conclusions and t o  spec i fy  t h e  p l o t  of t he  drainage curves or 

s t r a i g h t  l i n e s ,  a new series of experiments t he re fo re  became a r e q u i s i t e ,  

3 .4  Third test  

Reusing the  same experimental device as f o r  t he  preceding tes t ,  i.e, 

ramp and constant  supply de l ivery ,  demarcation of l o t s ,  i t  w a s  poss ib le  

t o  increase  t o  e igh t  t h e  t o t a l  number of experiments by performing two 

measurements on grooved concrete  and three on non-grooved concrete  i n  t h e  

same day. The values obtained a r e  provided i n  annex I1 and the  curves 

corresponding t o  each poin t  are p lo t t ed  on f i g u r e s  16 t o  20 us ing  compu- 

t a t i o n a l  means s e t  up f o r  100 s .  

Several comments can be made: 

3 .4 .1  The concentrat ion curves are not  comparable s ince  the  s l i g h t  

f l a w s  i n  uniformity lead i n  the  beginning t o  p r e f e r e n t i a l  flows and the  

a r r i v a l  ra te  of t he  water under the  counter a t  t h e  edge is not  t h e  same 

depending on whether the  su r face  is o r  is  not  moistened on a preliminary 

basis .  The concentrat ions cannot therefore  be s tudied.  

3 . 4 . 2  The recess ion  curves are q u i t e  d i f f e r e n t  from each o ther  even 

f o r  a s i n g l e  type of surface.  Nevertheless,  a cursory survey reveals 

t h a t  drainage is always quicker i n  the  case of t he  grooved concrete. The 

r e s idua l  w a t e r  condi t ion is reached a f t e r  approximately 10 minutes against  

16, 20 and 25 minutes f o r  t h e  non-grooved surface.  

3 . 4 , 3  The drainage curves show some wavy por t ions  and espec ia l ly  

towards t h e  end of drainage. I t  is poss ib le  t o  a r r ange  the  l a t t e r  i n  t h e  

domain of counting f luc tua t ions  o r  s h a l l  it be assumed t h a t  they reveal 

waves o f  t h e  surge type? 

3 e 4 , 4  Towards t h e  middle of t h e  drainage process,  humps appear com- - / 4 4  
p l e t e l y  analogous t o  t h a t  of f i g u r e  14. This hump is always more d i s t i n c t  

i n  t h e  case of non-grooved cement, 

3.4.5 The r e s i d u a l  waters are general ly  ‘greater i n  t h e  absence of 

grooving. They are compiled as follows (annex 11): 
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Point 6 ( N G )  166 counts/lo" (996 c/min) o r  0.22 mm 

Point 7 ( N G )  414 11 (2484 c/min) or 0,55 mm 

Point 8 ( N G )  153 ( I  (918 c/min) or 0-20 mm 

Point 3 G 32 11  (192 c/min) or  0.043 mm 

Point 4 G 58 11  (348 c/min) or 0.077 mm 

These values determined f o r  t h e  r e s idua l  waters are ce r t a in ly  more 

r e l i a b l e  than those produced i n  the  preceding ' tes t .  In  r e a l i t y ,  they have 

always been produced a t  least 30 minutes a f t e r  drainages as against  20 

minutes a t  t he  most a t  t he  t i m e  of t he  second t e s t ,  

The conclusion r e l a t i n g  t o  r e s idua l  waters is therefore  clear. The 

r e s idua l  w a t e r  a f t e r  approximately 30 minutes of drainage is a t  t h e  most 

on t h e  order of 1/10 of mm with a grooved cement and greater  than 2/10 f o r  

a conventional texture .  The d i f fe rences  a r e  s i g n i f i c a n t  f o r  here the  in-  

accuracy of a 1/10 of a mm of t h e  ca l ib ra t ion  s t r a i g h t  l i n e  does not  become 

a f a c t o r  s ince  the same type of sur face  is  involved ( c f .  paragraph 2) .  

Indeed, water exclusively f i l l i n g  t h e  grooves does not s i g n i f i c a n t l y  affect 

t h e  computation. The sur face  r a t i o  is favorable. Furthermore, t h e  accuracy 

of measurement is improved by a very long wait  towards the  end of drainage 

and an e s s e n t i a l  dry computation (annex 111). 

3.4.6 Holding a t  equilibrium 

The computations ( N  - NoIstab,  are re la t ive  t o  t h e  thicknesses of 

w a t e r  i n  permanent condi t ion ( N  

provided i n  annex 11). 

holdings a t  equi 1 i brium: 

is t h e  dry computation; these  values are 
0 

Translated i n t o  m i l l i m e t e r s  of w a t e r ,  they show the  

Point 6 ( N G )  894 cps/lOll (5364 cps/min) or 1-19 mm 

Point 7 ( N G )  1068 (6408 If o r  1.43 mm 

Point 8 ( N G )  1378 (8268 1 o r  1.84 mm 

Point 3 G 1312 11  (7872 o r  1.75 mm 

Point 4 G 1084 11  (6504 ) o r  1.45 mm 

The holdings are therefore  r a t h e r  only s l i g h t l y  sca t t e red  between 1-2 

and 1.8 mil l imeters ,  s ince  sur face  f l a w s  g rea te r  than 0,6 m i l l i m e t e r  should 

be r a the r  frequent.  
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4 - DRAINAGE 

I t  is d i f f i c u l t  t o  de f ine  t h e  general drainage ra te  f o r  each of t h e  

sur face  types by mere examination of curves 16 t o  20, On t h e  o the r  hand, 

t h e  s i t u a t i o n  is considerably c l a r i f i e d  when, blocking the  r e l a t i v e  r e s u l t s  

a t  po in t s  1 t o  4 ( G ) ,  on one hand, and 5 t o  8 ( N G ) ,  on t h e  o ther  hand, t h e  

means may be produced i n  both these  groups f o r  t h e  var ious  values N - N i n  

time (Annex 11). Both curves corresponding t o  the  drainage of t h e  grooved 

concrete and t h e  ungrooved concrete a r e  shown i n  f i g u r e  21. Some f e a t u r e s  

appear q u i t e  c l e a r l y .  

0 

1, The r eces s ion  of thickness of t h e  w a t e r  f i lm  a t  t h e  edge i s ' o n  

t h e  average much quicker and reaches a lower l i m i t  i n  t h e  case of the  groov- 

ed concrete. 

2. The curves a r e  no t  

mean. There are changes i n  

drainage. 

completely smoothed by t h e  establishment of t h e  

curves and wavy forms during and a t  t h e  end of 

3 .  The holdings a t  equilibrium, i.e. t h e  w a t e r  l e v e l s  a t  beginning of 

drainage, are very  s l i g h t l y  d i f f e r e n t .  In order  t o  compensate f o r  t h i s  

o f f s e t ,  i t  is poss ib l e  t o  p l o t  curves without dimensions by tak ing  ( f i g .  22) 

as ord ina te s  the  va lues  of 

n 
N - N  - 

N o ) s t  ab. 
( N  - 

t h e  d i f f e rences  are i n  t h i s  case b e t t e r  responsive. The v a l i d i t y  of t h i s  - /49 
normalization opera t ion  rests i n  t h e  hypothesis t h a t  i f  the  l e v e l  of*water  

on the  non-grooved p a r t  w a s  r e s to red ,  by increas ing  de l ive ry  from t h e  ramp, 

t o  t h e  level preva len t  on t h e  grooved p a r t  (approximately 16% i n  d i f f e rence ) ,  

t h e  hydrodynamic condi t ion  of t h e  recess ion  would not  be changed. It  can 

be taken i n t o  cons idera t ion  and a j u s t i f i c a t i o n  w i l l  be found f u r t h e r  on i n  

t h e  examination of log-log curveso 
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4. The measurement of a d ra inage - ra t e  can be q u i t e  d i f f i c u l t  t o  ca r ry  /49 
out  s ince  the  s lope  of recess ion  curves constant ly  vary. I t  is neverthe- 

l e s s  poss ib le  t o  t r y  t o  charac te r ize  each recession by a gross c o e f f i c i e n t  

measuring t h e  drainage time t o  go%, f o r  example, The operat ion is awkward 

on f i g u r e  22 and it is p re fe rab le  t o  r e s t o r e  t h e  f i n a l  po in t  of each drain-  

a g e  t o  a common value. 

as a func t ion  of time: . 
This r e s u l t  is obtained by taking the  f r a c t i o n  fi r 

N - N  - I  
0 f i x  

- "stab. 
( N  - N r 

0 

which provides the  p l o t s  of f i g u r e  23. I 

L e t  us recall  t h a t  N designates  t h e  computation during recess ion ,  

N t h e  dry computation, I the  computation s u i t e d  f o r  t he  r e s idua l  water,  

- "stab. N - N - I t h e i r  mean out  of four  experiments, (N - N 

quant i ty  during the  period of holding a t  equilibrium (annex I V ) .  

d r au l i c  no ta t ions  the re  would be: 

0 

t h i s  same 

A s  hy- 
0 0 

D - I  H = -  
r D1- I 

I t  is then poss ib le  t o  p l o t  on f i g u r e  23 a s t r a i g h t  l i n e  of ord ina te  

(d 90%) 0.1 and charac te r ize  t h e  drainage rate by a gross coe f f i c i en t  T 

which m a r k s  o f f  t h e  dura t ion  of 90% of the  drainage: 

= 400 seconds f o r  t he  grooved concrete  

= 900 seconds f o r  t h e  non-grooved concrete  

(d  90%) 

(d  90%) 

T 

T 
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5. This c o e f f i c i e n t  can appear too coarse o r  a r b i t r a r y  and i f  i t  is /51 
des i red  t o  proceed f u r t h e r  i n  t h e  ana lys i s  of hydrodynamic condi t ions ,  i t  

is poss ib l e  t o  use t h e  log-log r eces s ion  of t h e  thicknesses of w a t e r  f i l m  

already i l l u s t r a t e d  by f i g u r e s  3 and 15. 

I f  t he  N - N - I values r e l a t i n g  t o  each experiment are p l o t t e d  on 
0 

t h e  same c h a r t ,  t h e  system is i n e x t r i c a b l e  and confused. I t  is neverthe- 

less s impl i f i ed  by merely taking the two means r e l a t i n g  t o  t h e  four experi- 

ments on grooved cement, on one hand, and t o  t h e  four  experiments on 

non-grooved cement, on t h e  o ther  hand. I t  is even more ingenious t o  take 

t h e  non-dimensional mean streamed heights:  

N - N  - I  
0 ( c f .  f i g .  24) iir Ei 

.. "stab. ( N  - N 
0 

Curves s i m i l a r  t o  those of f i g u r e  15 are found but overlapping. They 

have been spec i f i ed  i n  t h e i r  p l o t  and confirmed by t h e  tlmeantl operation. 

T h r e e  reg ions  are discriminated. 

A t  t h e  beginning of drainage, t he  behavior is t h e  same: no pe rcep t ib l e  

effect of t h e  grooving f o r  50 seconds. 

Beginning from t h e r e ,  both conditions appear t o  be considerably d i f f -  

e r e n t i a t e d ,  whereas, i n  t h e  case of t h e  grooved cement, t h e  recess ion  of  

t h e  water thickness is kept  a t  a r e l a t i v e l y  slow rate  then is s w i f t l y  accel- 

e ra ted  (wi th  log-log coord ina tes ) ;  i n  t h e  case  of t h e  non-grooved cement 

t h e  ra te  is c l e a r l y  l i nea r  (D 1-  1 
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Then two o ther  l i nea r  log-log condi t ions begin (D and D 1, r a t h e r  . / 5 3  - 2 3 
more slowly and a l so ,  i n  t h e  case of t he  non-grooved concrete  (D ) ,  with 

a gent ler  slope. e 

2 

One poss ib le  interpretat i -on o f ' t h e  behavior of f l u i d  i n  these  th ree  
* 

regions can be proposed. 

I n  the  first 50 seconds, we are probably i n  the  presence of a quick 

t r a n s i t i o n a l  phase which leads from the  s t a t e  of equilibrium with flow' 

supplied i n  t h e  recess ion  mode by a t ipp ing  of the f l u i d  layer  and which, 

owing t o  t h e  great  thicknesses of w a t e r  p resent ,  is independent of the  

grooving. . 

Beyond these  50 first seconds, i n  t h e  presence of grooves, t h e  t r ans i -  

t i o n  appears t o  continue f o r  approximately 200 seconds whereas, i n  t he  

case  of non-grooved cement, a s t a b l e  and w e l l  character ized condi t ion 

appears t o  l as t  approximately 300 seconds. Everything occurs as i f  t he  

grooving introduced a t  the  beginning a turbulence which slowed down the  

flow only t o  l a t e r  on expedite i t ,  a l l  t h i s  probably upse t t ing  t h e  log-log 

condition. 

* 

Beginning from he ights  of w a t e r  estimated r e spec t ive ly  a t  0.9 mm ( G )  

and 0.5 mm (NG), t h e  two .flows use s i m i l a r  r u l e s  i n  l i n e a r  log-log modes 

with,  nevertheless ,  d i f f e r i n g  inc l ina t ions .  A domain is approached i n  

which the  e f f e c t  of t he  roughness of t he  sur face  should prescr ibe  its 

own r u l e ,  d i f f e r i n g  i n  its t e r m s  and condi t ions depending on the  absence 

or presence of t he  grooving which, by encouraging lateral  drainage, increases  

t h e  rate of removal of t h e  w a t e r  f i l m ,  

The l i n e a r  log-log r u l e  therefore  appears q u i t e  s p e c i f i c  f o r  laminar 

condi t ions and more p a r t i c u l a r l y  f o r  those which are ca r r i ed  out with a 

t h i n  layer.  

It  is poss ib l e  t o  provide a quan t i t a t ive  expression f o r  these r u l e s  

f o r  recess ions  of w a t e r  f i l m  s t a r t i n g  from t h e  experimental d a t a  of f i g u r e  

24. With a general  ru l e :  



-b I? = a t  r 
I? streamed thickness as r 

a non-dimensional u n i t  

t i n  seconds 

i n  t h e  case of t h e  var ious  s t r a i g h t  l i n e s  D D and D t h e  a and b co- 

e f f i c i e n t s  (Annex V >  are t h e  following: 
1' 2 3 

lY-i---= - 

recess ion  

I n  add i t ion  t o  the  inherent  advantage of being ab le  t o  d iscr imina te  

so c l e a r l y  t h e  successive hydrodynamic condi t ions ,  t h i s  demarcation i n t o  

domains of uniform flow allows t h e  more accurate computation of t h e  mean 

rates of recess ion  of t h e  thickness of water f i l m .  

Mean rates of recess ion  of  t h e  streamed f r a c t i o n  

(dimension t"') 

* , - . .- t - Region OA 
..-- 

8 ... ' c .., .. ,- *.. -.. c '. < e,;-; c '' - . ' NG . . ____ .: - I .  ;'. li/ r. .~3-.:.,..':-..- = 7 ;. - .. -' J -. 
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Region A B C - /55 

. . . . . . . .  . . . .  . .  . . . . .  ......... . .  . . . . . . .  .-. ~ _ _  _... ,. ...._, - <  .. 
. ( . I .  :: I 

.; , -8 * . '.' .. > 
e". . ! ' ,,. 

. .  I .  . '. : . I .  r .  . ~ , .  
- I ; ' . '  ' .  

..* . . ' .  *- ,* .' . (AC) NG . .  
; , * . .  . . *. I .  

'. 
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(CE) NG 

(BF)  G 

I t  is possible to visual ize  these different mean rates  on the same 

diagram ( f i g .  25) 
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. 5 - CONCLUSIONS - /5 7 . 
The appl ica t ion  of t h e  Central  Laboratory of C i v i l  Engineering (Lab- 

o r a t o i r e  Central  des Ponts e t  Chauss6es)apparat:s f o r  measurement of water 

thicknesses with flows produced on an a i r p o r t  runway has amply demonstrated 

t h e  q u a l i t i e s  of accuracy and f l e x i b i l i t y  of use which w e r e  sought a f t e r  

i n  t h i s  equipment. 

Through r e p e t i t i v e  experimentation required as a consequence of the 

d i v e r s i f i c a t i o n  of s i t e s  and c l ima t i c  condi t ions,  a very c l e a r  d i f fe rence  

i n  behavior w a s  revealed between drainage on grooved concrete  and non- 

grooved concrete. The r e s idua l  waters recorded go from 0-1 t o  0 .3  mm and 

t o  obta in  the  90% drainage poss ib le ,  t h e  durat ions go from the s i n g l e  t o  

the  double (400 - 900 s ) .  

The conclusions on t h e  e f f i c i ency  of grooving a r e  therefore  w e l l  

e s tab l i shed ,  and t o  such an ex ten t  t h a t  t he re  could even be considered, 

i f  need be, a d i f f e r e n t i a t i o n  i n  the  var ious types of grooving. 

I n  addi t ion ,  the ,appara tus  allowed measurements of thichnesses  of 

w a t e r  f i lm at  a l l  s t ages  of streaming. A t  the  same t i m e ,  var ious success- 

i ve  hydrodynamic condi t ions of recess ion  w e r e  c l e a r l y  and au tho r i t a t ive ly  

defined. This p a r t i a l  r e s u l t  could take  its p lace  within t h e  scope of a 

more general  s tudy  or ien ted  on t h e  geometrical roughness of highways. 
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ANNEX I - / 5  9 

Variat ion of recession flow as  a funct ion of time 

( labora tory  experiment, 7.10.68) 

Af te r  having recorded the  reduct ion i n  w e i g h t  of an a r t i f i c i a l  sur face ,  

previously sprayed t o  t h e  equilibrium point  with a r a i n  of given i n t e n s i t y ,  

and which is progressively emptied, successive ord ina tes  are picked o f f  pro- 

por t iona l  t o  the instantaneous weight of t h e  w a t e r  r e t a ined  by t h e  surface,  

Their d i f fe rences  r e l a t e d  t o  t h e  u n i t  of t i m e  determines t h e  flow. 

A r t i f i c i a l  surf ace, Code : G14 
2 

area : 600 c m  

edge : 20 c m  

depth t o  sand: 2 mm 

s ldpe  : 1 and 15% 

I n t e n s i t y  of r a i n  

Holdings a t  equilibrium 

Flow a t  equilibrium 

The following t a b l e  is produced: 

: 365 m/hr 

: 123 g (1%) and 509 (15%) 
: 5.8 g/s 
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The s t r a i g h t  l i n e s  p l o t t e d  as log-log coordinates on f i g u r e  3 allow /60 - 
giving as func t ions  f o r  recess ions  t h e  following expressions: 

Slope 1% 

Slope 15% 

q, t: t h e  mass flow (g /s )  and t h e  t i m e  ( s ) ~  

‘q = 49-8 
tl e353 

59 



ANNEX I1 

NOTATIONS, MEASUREMENTS, MEANS 

The t i t l e  refers t o  t h e  r ecap i tu l a to ry  t ab le s  of measurements made 

f o r  the  grooved and non-grooved l o t s  which a l so  include the  means f o r  each 

type of surface.  Subsequently, t he  measurement shee t s  f o r  each one of t h e  

experiments is provided. 

The thickness  of water on t h e  corresponding computation w i l l  be d is -  

cussed without discr iminat ion s ince  t h e  t r a n s i t i o n  from e i t h e r  one is 

performed through t h e  intermediary of t he  measurement apparatus constant  

( c a l i b r a t i o n  s t r a i g h t  l i n e  f i g .  5 ) .  

Defini t ion of t he  chief  notat ions * 

e 

---I----------------___________I_ 

The bars  placed over a symbol designate the  mean ca r r i ed  out  over a l l  

the  experiments taking p lace  on t h e  same surface type: 

grooved. 

grooved and ncm- * 

A l l  computations are given i n  counts per 10 seconds, 

0 
N 

N 

1 N =N-No 

N +1 
0 

I 

1 
N -I 

Computation i n  dry s t a t e ,  mean establ ished over severa l  

hundreds of seconds. 

Computation ca r r i ed  out  over 100 secqnds i n  presence of a 

w a t e r  f i lm, 

Difference between w e t  and dry computations: proport ional  

t o  the  mean water height ( f i g .  5) o r  holding. 

Computation i n  r e s idua l  w a t e r  state. The streaming is then 

p r a c t i c a l l y  hal ted,  Mean made with several hundreds of 

seconds e 

Computation c h a r a c t e r i s t i c  of w a t e r  f i l m  i n  r e s i d u a l  water 

s t a t e .  

Computation c h a r a c t e r i s t i c  of water streamed alone, 
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=(N-N ) Computation c h a r a c t e r i s t i c  of water with holding a t  /62 1 
Nstab ,  o s tab.  

equilibrium, 

hundreds of seconds. 

The mean is produced with seve ra l  

1 
( N  -I) Computation c h a r a c t e r i s t i c  of w a t e r  streamed alone 

during the  permanent condi t ion (i .ee during holding a t  
s tab.  

equilibrium). 
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c, 
c. 
0 
0 

W 

Y 

I I '  

a 
a, m .rl 

c-r_ k 

.. 
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; 
0 
0 
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POINT No. I ,  grooved D a t e :  4/3/1969 

Ramp delivery: 37*5 l/min 

Computation i n  dry state: N = 18584 cps/lOs (out  of 100 S )  
0 

Sub t rac t ion  

Correc t ion  

D r y  S t a r t  

eans/50s 

cps/lOs 

1793 
1894 
1922 
1746 
1812 

1742 
1670 
1440 
1484 
1302 
1080 
83 4 
548 
3 45 
1 73 
275 
223 
170 
196 
119 
200 
199 
150 
13 7 
143 
129 
179 
274 
23 8 

1709 

1462 

1191 

69 1 

25 9 

249 

\. 184 

160 

1 75 

140 

154 

256 

N A t a b = 1 8 0 8  . 

= 177 

153 2 

1286 

1014 

514 

82 

72 

7 

-17 

- 2  

-3 7 

-23 

79 

Time 

(SI 

0 

50 

150 

250 

350 

450 

550 

65 0 

750 

850 

950 

1050 

1150 

r = 177 

'hases of f l o w  

[o ld ing  a t  equi- 
.ibrium: D e  

:ec ess ion 

Lesidual w a t e r  
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POINT No, 2,  Grooved D a t e :  4/3/69 - /66 
Ramp delivery: 39 l / m i n  

Computation i n  d ry  state: N = 18539 cps/lO a 
0 

Subt rac t ion  

Correction 
D r y  S t a r t  

eans/50s 

cps/lOs 1 
--- 

181 
226 
20 8 
196 
25 1 
23 6 
616 

1197 
1274 
1409 
1428 
13 64 
1475 
1562 
1603 
1488 
1587 
153 2 
153 2 

t 1549 
t 1534 ' 1484 I 1226 
6 1267 
f 1010 
4 929 
: 635 1 465 
1 287 
3 234 

279 
223 
168 
207 
284 

i 

?eans/100s 

: CPS/ lOS 1 

217 

223 

4 26 

1235 

1418 

1419 

1582 

153 7 

153 2 

1541 

1509 

1246 

969 

550 

260 

25 1 

187 
272 

: o  

a r ious  means 

cps/10s 1 

: = 202 

I '  =. 1550 stab, 

I = 202 

76 7 

348 
I 

I 
i 58 
i 
f 49 i; 

1 -15 

! 

r 

- .  

Time  

(SI 

0 
50 

I 150 
! 

i 250 
I 
i 350 

; 450 
L 

I 

i 550 
650 1 750 

Phases of f l o w  

Preceding resd- 
u a l  w a t e r  

t 
I 

Concentration 

\ 

Holding a t  
equilibrium 

Shut-off of 
ramp 

j 
1 

Recession i 

I 
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POINT N o ,  3 ,  grooved D a t e :  8/4/1969 I /6 7 
Ramp delivery: 39 l/min 

Computation i n  dry state: N = 18683 cps/lOs ( w i t h  500s) 
0 

N +I : 18715 
0 

I : 32 - 
eans/50s 

I.-_--- 

(18652 
18638 
18750 
18621 
18687) 

Yeans/100s 

( c p s / l O s  1 -_ .. .- 

18686 
19140 
19700 
20086 

19818 
2000 1 

20015 

19724 
19635 
19207 
18840 
18774 
18753 
18675 
18 783 

'Nstabz  19995 

+I=187 
0 

5 

N '  - I 

( CPS/ lOS 1 

1280 

1009 
9 20 
499 
125 
59 
38 

-40 
68 

-3 8 
. -15 

27 

0 

50 
150 
250 
350 
450 
550 
650 
750 

950 
850 

,050 

equi l ibr ium 
i Shut-Off O f  

1 

Recession 

,Residual  w a t e r  
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D a t e  : 8/4/1969 I_ /68 POINT no. 4 ,  grooved 

Ramp delivery: 38 l/min 

Computation i n  d r y  state:  N = 18761 c p s / l O s . ( w i t h  500s) 
0 

Means/ lOOs 

(18761 
18760 
18843 
18794 
18647) 

Various means 

D r y  start 

fie ans /5 OS 

18720 
19080 

642 
6 19 
733 
85 1 
829 
844 

19858 
6 73 
3 29 

18959 
9 10 
846 
800 
89 1 
8 78 
863 
800 
847 
845 
808 
796 

19845 

= 18819 

N + I = 18814 CpS/ lOS 
0 

I = 58 cps/lOs 

-- 
N '  - I 
(cps 10s) 

1026 

103 9 
854 

. 510 

.91 
140 . 

27 
-19 

72 
. 59 

44 
-19 
28 
26 
-9 

-23 

Time 

(SI 

0 

50 
150 
250 
350 
450 
550 
050(s: 
750 
850 
950 

1050 
1150 
1250 
1350 
1450 

Phases of f l o w  

Concentration i 
J 
\ 

'Holding a t  
equi l ibr ium 
Shut-off of 

J r m P  
tRecession .> 
1 Residual w a t e r  

I 
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POINT no, 5 ,  non-grooved Date: 4/3/1969 _I /69 
Ramp del ivery:  40 l/min 

I = 90 cps/lOs computation i n  dry state:  

Subtraction: 18609 
Correction (made i n  t h e  t a b l e )  : -64 

N = 18673cps/1Os 
(with 100 s )  

0 

. Dry start 

r-- 
Means/5Os 

i 
j (cps/lOs) 

t 
1 

i 

I 
I 

deans 100s 

: cps/lOs 
_I 

1594 
with 

130s 

1222 
924 
824 
685 
221 
191 
207 
10 7 
100 
63 

Karious means 

( cps/lOs 1 

T= 90 

N '  - I 
( cps/lOs 

1504 

1132 
834 
73 4 
595 
13 1 
10 1 
117 

17 
10 
727 

Phase of flow 

Holding a t  
equi 1 i b r  i urn 

Shut-off of 
ramp 

p s i d u a l  w a t e r  



POINT no, 6 ,  non-grooved Date: a 8/4/69 s_ /70 
Ramp del ivery:  38 l/min 

Computation i n  dry state:  No = 18644 cps/lOs (with 500s) 

Dry start 

~ . .- 

Ieans/IOOs Various means 

cps/lOs 1 i ( cps/lOs ) 

18605 
5 73 
73 9 

19525 
597 
521 
49 6 
55 2 

511 
154 
109 
097 
0 23 
020 

18827 
8 70 
93 9 
93 3 
862 
83 7 
827 
823 
793 
80 1 
849 
786 

0 

N +1=18810 
0 

N +I = 18810 cps/lOs 
I = 166 cps/lOs 

0 

. -. -7 - I _ . .  r-- -- - 
, ' Iime--[Phases of flow j 

-----..-. 

N ' - I  

! 1 
(cps/lOs) ( s )  ; i 

-__I- I_ 1 
I 

Concentration i 
i 
! 

equilibrium I 
I 

' 0  I 
70 1 : 50 
344 ' 150 

1 

299 j 250 
28 7 I 350 
213 1 450 
210 1 550 

17 650 
60 ! 750 

129 , 850 
. 123 950 

52 1050 
27 1150 
15 1250 
13 1350 

-17 1450 
-9 1550 
39 1650 

! 

1 

i 

Shut-off of rami 

1 
i ! 
I 

, .  I 

I 

Recession 

I 
! 

! 
i 
I 

! 

i 
i Residual w a t e r  , 

-24 
e 

a I 



POINT no, 7, non-grooved D a t e :  8/4/1969 - /71 
Ramp delivery: 37 l/min 

Computation i n  dry  state:  No = 18578 cps/lOs ( w i t h  500 s )  

D r y  start 

Means/50e 

( CPS/lOS 1 

19 710/5 70 
43 9/285 
266/163 
189/154 
23 2/143 
028/056 
15 1/046 
050/080 

8875/190 1 
18981/1902 
1905 7/003 
l9018/189€ 
190 13 /2 13 
1885 1/1905 
19007/189C 
18989/190c 
1 89 75/9 10 

4e as n/100s 

, cps/lOs 1 -_-. -.- 

18922 
83 1 
9 76 
933 
902 
93 4 
982 

19341 
648 
690 
6 70 
5 75 
650 
648 

640 
362 
2 14 
171 
188 
042 

065 
18942 
19005 

03 0 
18993 
19113 
1895 2 

958 
997 
942 

098 

18912 

---_- 
N '  - I 
(cps  10s) 
I_-..--- 

* 

=65 ' ' 
tab 

648 
. 370 

222 
179 
196 
50 

106 
73 

-50 
13 
38 
1 

121 
-40 
-3 4 

-50 

Preceding re- 
s i dua 1 w*a t er 

Ramp opening n 
0 

50 
150 
250 
350 
45 0 
550 
650 
750 
850 
950 

1050 
1150 
1250 
1350 
1450 
1550 
1650 

Shut-off of 
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POIN?: no (. 8, non-grooved D a t e :  8/4/1969 
Ramp delivery: 39 l/min 

Computation i n  d ry  state: N = 18688 cps/lOs ( w i t h  560s) 

( 18698/63 7/697/726/644/73 1) 
0 

Dsy start 

Y e  ans/5 o s 

(cps/ lOs 1 

20124/247 
19967/685 

696/571 
425/441 
395/395 
=9/3 45 

25 2/23 6 
299/172 

214/119 
176/13 6 
035/189f 

19003/189C 
188 7 1/51 20 

812/930 
863/842 

19009/189t 
18808/8 18 

83 8/a48 

813/896 
8 72/840 

18707 
73 9 

20029 
049 
149 
149 
054 

19943 
20090 

20 186 
19826 

63 4 
43 3 
3 95 
28 7 
23 5 
244 
166 
156 
011 

18953 
895 
871 
85 2 
988 
8 13 
854 
856 
743 
726 

( 60s 1 

Various m e a n s  

(cps/lOs 1 

Nstab= .200?7 
e 

N + I = 18841 cps/lOs 
0 

I = 153 cpS/lOs 

-7. ---- - -.I-- iFi Time Phases of f l o w  

---__- (CPS/ lOS)  (SI 
1 
1 

* Opening of ramp 
! Concentration I/ ! 

.Hold ing  a t  

13 45 
9 85 
793 
592 
554 

. 446 
3 94 
403 
3 25 
3 15 
170 
112 
84 a 

30 
11 

147 
-28 

13 
15 
2 

- 

$ equi l ibr ium 

0 j Shut-off of ray: 

50 
150 
25 0 
350 
45 0 
550 
650 
750 
850 
95 0 

1050 
1150 
1250 
1350 
1450 
1550 

1750 
1850 
1950 

1650 

e 

Recession * 
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ANNEX I11 
I__ /73 

Relative accuracies  with var ious computations 

Deviations corresponding t o  the  poin ts  and s t r a i g h t  l i n e s  of the  var ious 

diagrams 

I t  w i l l  be assumed t h a t  a s e r i e s  of computations corresponding t o  

s t a t e s  of equilibrium such as holding a t  equilibrium o r  the  r e s idua l  water 

condi t ion,  

Under 

mean m 

follows a Poisson 's  l a w .  

t hese  condi t ions it is known t h a t  t he  var iance 5 is equal t o  
2 

2 
5 = m  

. We s h a l l  consider t h e  c6mputations produced i n  10 s as the population 

elements. 

Several  means a r e  used: 
e 

e 

- computational mean ( i n  a uniform population with 100 s ,  t he  var iance 

w i l l  i n  t h i s  case be equal to:  

- computational means ( i n  a uniform population with 100 s i n  four  experi- 

ments which we s h a l l  assimilate with r e p e t i t i o n  of t h e  same. The var iance 

w i l l  be given by: 

2 
5 = m4 - 

40 4 

- computational means with n poin ts  (each one represent ing  100 s) describ- 

i n g  a s ta te  of equilibrium, Whence t h e  variance: 

- t h e  e r r o r s  owing t o  the  computations with measurement of w a t e r  thicknesses 

w i l l  be sys temat ica l ly  ca lcu la ted  by +. two standard deviat ions,  
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Standard devia t ion  with var ious means 

1. Representative poin t  with a mean produced i n  100 seconds. 

_s /74 

These poin ts  were used i n  the  p l o t t i n g  of d i f f e r e n t  concentration- 

recession curves ( f i g s .  12 t o  14 and 16 t o  20)- 

Let us perform the  ca l cu la t ion  f o r  t he  highest  and lowest computations: 

- Highest computation, holding a t  equilibrium of experiment 

no, 1: 20392 cps/lOs, 

- Lowest computation ( w e t ) ,  r e s idua l  water no. 3: 18715 

- Lowest -computation ( d r y ) ,  r e s idua l  water no. 1: 18539 

The corresponding v a r i a n c e s - a r e  equal to:  

20,392 = 2039 o r  a standard devia t ion  of 0 = 45 
10 

= 1872 
10 

I I  cT = 43 

cT = 43 

Values which hardly d i f f e r  from each o the r ,  0 = 44 cps/lO s w i l l  there-  

f o r e  be taken as t h e  common value. 

By c a l l i n g  (Ah), t he  e r r o r  made i n  the  estimate of t he  height  of w a t e r ,  

s t r i c t l y  from, the  computational viewpoint, and with one poin t  represent ing  

a m e a n  with 100 s ,  it  follows tha t :  

2. Representative poin t  of a mean of four  experiments - /75 

An intermediate  level is taken on f i g u r e  21, for  example t h e  poin t  f o r  

which E1 : 700 cps/lOs. I t  is t r u e  tha t :  * 
B 

whence CT = 22 

and (Ah) 44 x 6 = oeo6 mm 4 =  
4500 

The accuracy, s o l e l y  owing t o  computation, of t he  po in t s  of f i g .  21 
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is ca lcu la ted  t o  

o r  

t- 0.06 mm 

2 44 cps/lO s 

3 .  St ra igh t  l i n e  which is representa t ive  of a m e a n  

3 . 1  Holding a t  equilibrium and r e s idua l  w a t e r  i n  each one of the  

experiments. 

The holding as a permanent condi t ion by producing the  mean from a com- 

puta t ion  with 100 s from which N is subtracted.  The advantage of ca l cu la t ing  

accuracy with t h i s  height  of water is r a t h e r  l imited and w e  s h a l l  do without 

it. On t h e  o ther  hand, t h e  r e s idua l  w a t e r  r equ i r e s  t h i s  ca lcu la t ion .  The 

computation I c h a r a c t e r i s t i c  of the  w a t e r  f i l m  i n  t h e  r e s idua l  w a t e r  s ta te  

is obtained by t h e  d i f fe rence  

0 

0 
(No + I) - N 

i.e. t h a t  t h e  var iance is given by 

2" (os devia t ion  with N and o2 = 02' + 0 0 

I of' devia t ion  with N + I) 
0 

e 

The following t a b l e  provides d e t a i l s  of t h e  ca l cu la t ions  and provides 

the  computational accuracy f o r  t h e ' r e l a t i v e  r e s idua l  w a t e r s  a t  d i f f e r e n t  

measurement points .  

3 . 2  Holding a t  equilibrium and r e s idua l  w a t e r  i n  curves depic t ing  the  
a 

means of fou r  experiments. e 

- With mean holding the highest  computation is  r e l a t i v e  t o  grooved con- 

crete and w a s  c a r r i e d  out  with 132 t i m e s  10 seconds. 

= 20,079 

- With mean r e s idua l  w a t e r  ( t h e  lowest w e t  computations) 

concrete  G : N + I = 18750 

concrete  NG: N + I = 18850 

Q 

0 

0 

- The mean dry  poin t  



5 = 18640 
0 

By assuming t h a t  t h e  populations making up these  means a r e  uniform 

and t h a t  concrete behaves i d e n t i c a l l y  i n  t h e  grooved and non-grooved state:  

= 12 cps/lO s Ah, 0.032 m (Sic> 
‘De 

o2 = 20,079 = 148: 
135 De 
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0 
t = Computational time for determination of N 

= Computational time for determination of (I + N 
0 

0 
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(continued) 

t = Computational time for determination of N 
0 0 

= Computational time f o r  determination of (I i N ) 
0 
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I 

* 9 cps/lOs Ah = 0-01 mm O I R  ' = 85 2 18 750 
I R  220 

0 

INR * . 9 cps/lOs = 85 CT Ah = O,O1 mm 
2 18 850 
INR 2 2 0 .  cr 

: 10 cps/lOs 
0 

N 
= 1  cr 2 18 640 

N 160 
0 

cr 

Thus, by assuming t h a t  t he  equilibriums are wel l  es tab l i shed  and t h a t  

each experiment a t  one poin t  of a grooved concrete  ( f o r  example) could be 

compared t o  the r e p e t i t i o n  of another.experiment with grooved concrete ,  t he  

accuracy with hor izonta l  s t r a i g h t  l i n e s  represent ing  t h e  holdings a t  equi- 

l ibrium and r e s idua l  w a t e r  values are, from the  computational viewpoint, 

0.03 and 0.01 mm respec t ive ly .  
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ANNEX I V  
- 

NORMALIZATION OF MEANS N' AND N ' - I  

I I i 
I i 
/ .  TIME 1 t G R O O V E D  C O N C R E T E  ; 

, 

1 

: 

I 

- /79 



ANNEX IV (cant,) 

- 
NORMALIZATION OF MEANS N' AND N f - I  

. . .  . .  ...-... . ' . _  . . . . . . . . . . . .  ̂ .  . .-.--.-I 
! 

I N O N - G R O O V E D  C O N C R E T E 1  
;'. Time 

. . . . . . . . . . . . .  _ _ .  . -. . . .  i ... -_-- 

. . . . . . .  ...... ..,._ -. ................. - ... 
....... 

t .  

seconds . : I  . . c. . . . . . . .  . _  ,. . z .: '. 
. . .  . . . . . .  ' .  . .~ : ...> . I * ,  

. .  _ -  . . .  I . e ,  
I 

..... _ - _ _ _ . .  ... ..__ _^ ............................ . . . . .  I 

...... ,-. ....... I ............ ."..i. *>"-..-..a " .. ... .....-, .... i ..._I_ ... 
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ANNEX V 

Drainage func t ions  

According t o  f i g u r e  24 the  r eces s ion  can be descr ibed i n  some domains 

by a s t r a i g h t  l i n e  with logari thmic coordinates .  I t  the re fo re  follows: 

-b H i n  subdimensional u n i t y  r (1) i? = a t  r 

t i n  seconds . 
D2, D each pass  through 

1’ 3 
I t  is enough t o  write t h a t  s t r a i g h t  l i n e s  D 

two po in t s  respec t ive ly :  

f o r  D (non-grooved) A and C 

C and E f o r  D2 (non-grooved) 
1 

f o r  D (grooved) 3 B ana F 

and t o  so lve  t h e  three systems of two equations wi th  two unknowns. It 

follows tha t :  r 
8 = 5.264-10 

a3 a = 3.083 *lo3 2 a = 4.902 1 

b = 3.7360 3 bl = 0.41944 b2 = 1.51952 

D- I 
Note t h a t  gr = - and the  r u l e  of type (1) r e l a t i v e  t o  the  s t r a i g h t  

l i n e  D e  can be compared t o  the  r eces s ion  curves of Izzard (1946). 

Note l ikewise  t h a t  it should be p o s s i b l e  t o  produce an expression of t h e  

f l u i d  rate a t  t h e  edge, Indeed, t h e r e  is de l ive ry  q given by 

De-I 

( 2 )  q = uh 

i n  which u is t h e  mean ra te  i n  t h e  s h e e t  of water wi th  th ickness  h a t  a 

po in t  located on t h e  edge. 

t h e  de l ive ry  is most l i k e l y  provided by a r u l e  s i m i l a r  t o  (1) or :  

- /81 
Now, it is known (page-, formula 5) t h a t  

B1 ( 3 )  q = A t -  a 
and t h a t  (1) may be expressed a t  t h e  same t i m e  r e s o r t i n g  t o  the  p re sen t  

no ta t ions  wi th  h by 



From equation ( 2 )  there is derived: 
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